Fluorescence Recovery after Photobleaching (FRAP) is one of the most powerful and used techniques to study diffusion processes of macromolecules in membranes or in bulk. Here, we study the diffusion of alpha-chymotrypsin in different crowded (Dextran) in vitro solutions using a confocal laser scanning microscope. In the considered experimental conditions, confocal FRAP images could be analyzed applying the uniform circular disc approximation described for a nonscanning microscope generalized to take into account anomalous diffusion. Considering the slow diffusion of macromolecules in crowded media, we compare the fitting of confocal FRAP curves analyzed with the equations provided by the Gaussian and the uniform circular disc profile models for nonscanning microscopes. As the fitted parameter variation with the size and concentration of crowders is qualitatively similar for both models, the use of the uniform circular disc or the Gaussian model is justified for these experiments.
INTRODUCTION
Studies of diffusion-controlled reaction of biological macromolecules are usually performed in dilute solutions (in vitro). However, the high concentration of macromolecules in intracellular environments (in vivo) results into non-specific interactions (macromolecular crowding), which have a great influence on the kinetics and thermodynamics of possible reactions that occur in these systems [1] [2] [3] [4] [5] [6] [7] [8] . Specifically, the living cells have many compartments with different geometries. Regarding the cell membrane, we may consider it as a two-dimensional (2D) highly organized medium mainly containing proteins and lipids. Both substances may undergo translational and rotational diffusion processes, but their mobility strongly depends on their size and the environment properties. In the literature there are Monte Carlo (MC) simulation studies of diffusion in 2D media [9] [10] [11] [12] [13] [14] [15] [16] showing that the lateral diffusion is anomalous for short times and normal for long times. This fact implies that the diffusion coefficients depend on time and this dependency is described by scale laws, whose exponents depend, in turn, on the size and mobility of the crowding molecules [10] [11] [12] [13] [14] [15] [16] [17] . Such simulations have also been performed in 3D [17] [18] [19] , leading to results that are in satisfactory agreement with experimental data, showing, for example, that the protein diffusion in cell cytoplasm is reduced considerably [20] [21] [22] [23] .
Up to date, many experimental techniques have been used to study biophysical properties of protein and macromolecules in dilute solutions 24 . Nevertheless, few of them are able to study the properties of a protein in a solution with a high concentration of other macromolecules. Among these techniques, those using fluorescent molecules, like Fluorescence Correlation Spectroscopy (FCS) [20] [21] [22] [23] [25] [26] [27] [28] [29] [30] [31] and Fluorescence Recovery after Photobleaching (FPR or FRAP) 9,32-41 stand out. In this study we have used FRAP 4 because of its special usefulness for studying molecular dynamics, mainly diffusion processes.
As these experimental techniques need a theoretical background to interpret the obtained results, there is an important effort to perform theoretical analysis of this kind of experiments in two (2D) 32, 34, 37, 39, 48 and three dimensions (3D) 38, 41 . Most of the proposed theoretical procedures are based on the one presented by Axelrod et al. in 1976 42 . In that work they studied several idealized cases and distinguished the diffusion monitored by a laser beam having a Gaussian intensity profile from the diffusion monitored by a laser beam having a uniform circular disc profile. Axelrod and coworkers also stated that when the bleaching is performed with a stationary laser beam that is either Gaussian or uniform, the resulting "laser beam intensity profile is intermediate between Gaussian and uniform disc" [41] [42] .
Nowadays the majority of photobleaching experiments are performed with confocal laser scanning microscopes (confocal FRAP). An important number of manuscripts explain how, from Axelrod et al. equation 42 (Gaussian profile approximation) for stationary lasers, it is possible to study the diffusion of tracer particles (e.g. proteins) in 2D or 3D media when a confocal FRAP is employed [38] [39] [40] [41] [43] [44] [45] [46] 48 . But, normally, in 2D media confocal FRAP experimental curves can be examined using Soumpasis equation 47 (uniform circular disc profile approximation) for nonscanning microscope 48 . This approximation is valid for the more usual experimental conditions because, in these cases, the postbleach profile does not depend on how the photobleaching was performed but on the shape of the initial postbleached region.
However, a scanning confocal bleaching laser profile can be approximated by a
Gaussian function for small bleached regions (ROIs), no greater than 3 µm of radius, 5 and high percentages of bleaching, greater than 50% 41, 48 . In fact, a recent study of Kang et al. 48 shows that in some experimental conditions the intensity. Fluorescence emission was collected using the 500-530 nm band pass filter.
MATERIALS AND METHODS

Chemicals
Photobleaching illumination was performed using a 476, 488, 496 and 514 nm Ar + laser line at 25ºC and a 100 % of relative intensity to bleach a circular region-of interest (ROI) with a diameter of 4.1 µm. All images were acquired at 512 ´ 512 pixel resolution, and using a 22.5 µm pinhole. The total ROI intensity was collected as a function of time, at increments of 0.28 ms during 70 s, and measurements were repeated 6 times for each sample. Our samples were composed of a low concentration (8. 55 10 -6 M) of the FITC-protein complex diffusing in an aqueous buffer (phosphate buffered pH = 7.4) in which crowding agents were dissolved at a concentration up to 350 mg / mL.
Samples of 30 µl were placed in a spherical cavity microscope slide and were equilibrated for 15 min on a temperature-regulated microscope stage at 25°C. In these experimental conditions the contribution to the recovery from diffusion along axial direction is negligible 43 , thus the diffusional medium was considered as 2D. This assumption is fulfilled when the bleached area forms a near cylindrical shape through the sample, as it occurs in a circular bleach spot of a reasonable diameter 46 .
Anomalous diffusion
A diffusion process taken by a solute in dilute solution is described with the well-known Einstein-Smoluchowski equation:
where d is the topological dimension of the medium where the process is embedded and D is the solute diffusion coefficient. In crowded media, typically in vivo and in a great number of in vitro processes, the existence of different macromolecular species, proteins, nucleic acids, organelles, etc., hinders the diffusion process. In these cases, equation 1 must be generalized for situations of anomalous diffusion [52] [53] [54] [55] [56] [57] [58] as:
( 2) where a is defined as the anomalous exponent (0 < a < 1 is the case of subdiffusion and a > 1 holds for the case of superdiffusion) and G is a generalized transport coefficient, also known as anomalous diffusion coefficient, of units [length 2 /time a ], defined as:
where t D is a characteristic residence time of the solute molecule in a volume of a characteristic length w (beam area). This definition allows introducing a generalized
which can be put in terms of an apparent/effective diffusion coefficient, D eff defined
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In fractal media, where there is no characteristic length scale, true anomalous diffusion processes are expected at all scales, and the anomalous diffusion exponent can be related with the fractal dimension of the random walk trajectory, d w , as a = 1/d w 54 .
But, many anomalous diffusion processes in crowded media have a characteristic length scale determined by various parameters such as the size of the solutes and the size and concentration of the obstacles of the medium 23 . The analysis of the trajectory of a
particle diffusing in such systems shows that for mean-square displacements smaller than this characteristic length, the diffusion is normal, corresponding to a diffusion process in a solution without obstacles. Similarly, for mean-square displacements greater than the characteristic length, a normal diffusion is also observed, corresponding now to a diffusion process in a dense medium, with a lower, but constant, diffusion coefficient. For the intermediate mean-square displacements, diffusion is found to be anomalous 55 . For this intermediate regime there is a crossover time from anomalous diffusion at short times to normal diffusion at long times 56 . Monte Carlo simulations of diffusion processes in presence of obstacles corroborate this effect and give a crossover time between the two behaviours 10, 57 . This crossover time can be obtained from logD(t) (given by equation 4) vs. log(t) curves, which start at the value of the diffusion coefficient in a solution without obstacles, and decrease linearly with a slope related to the anomalous diffusion exponent, a , until they reach to a limiting normal diffusion coefficient corresponding to the crowded media, D * . The intersection between the slope of the linear decreasing (anomalous diffusion regime) and the line corresponding to the final and constant value of the diffusion coefficient (normal diffusion in a dense medium) yields the crossover time between these two behaviours 56 . Although a confocal laser scanning microscope was used, the uniform circular disc profile approximation 38, [43] [44] 48 , described first in 1983 by Soumpasis 47 , is a suitable model to study our confocal FRAP curves. In fact, according to Pucadyil and
Theoretical interpretation of FRAP curves
Chattopadhyay work of 2006 38 , the fluorescence recovery curve can be analyzed using the following equation:
where F(t) is the normalized mean fluorescence intensity in the bleached ROI at time t; F ∞ is the recovered fluorescence at time t = ∞; F 0 is the bleached fluorescence intensity at time t = 0; and I 0 and I 1 are the modified Bessel Functions.
On the other hand, as described by Kang et al. 48 , under our experimental conditions the initial postbleach profile is well described as a Gaussian function. For this reason we think that our curves can be studied with the classical Gaussian intensity prolife approximation described first by Axelrod et al. 42 in 1976, where the fluorescence recovery is given by 11 (8) where F(t) is the normalized mean fluorescence intensity at a time t in the bleached ROI, the parameter k is related to the bleach depth, and t D is the characteristic time, defined in terms of the transport generalized coefficient G and the beam area, w.
In case the particle´s motion is constrained to anomalous diffusion, it is possible to modify equation 8 to include the diffusion time-dependence, like Webb group describes in detail 32, 34 . In this case fluorescence recovery is given by (9) where F 0 is the fluorescence intensity immediately after bleaching; R is the mobile (12) where a is the anomalous coefficient.
As we have performed our experiments with a scanning confocal microscope, it is clear that our experimental data should be treated with the uniform circular disc model. However, as we have a small ROI with high percentages of bleaching, and the diffusion during photobleaching is probably negligible because of the highly concentrated and/or viscous medium, we have decided to consider both models, uniform circular disc and Gaussian profile. The comparison of both procedures has enabled us to establish interesting correlations among them. In both cases MATLAB (The Mathworks, Natck, MA) was used to develop the routine to fit experimental data and extract the time constant, t D , and the anomalous coefficient, a. The goodness of the fitting was judged in terms of c 2 value and weighted residuals.
RESULTS AND DISCUSSION
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Our work has a double objective: on the one hand, we want to determine whether the two FRAP expressions described before (equations 9 and 12) allow us to find the same type of answer in our experiments. And on the other hand, to investigate if there is an anomalous diffusion phenomenon due to crowding instead of an increase of viscosity in the experimental system we have considered.
With these purposes we have studied, in a first step, the diffusion of alphachymotrypsin in a highly viscous medium such as an 88 % glycerol-water mixture (µ = 147.494 mPa s) 61 . Figure 1 shows the FRAP curve obtained in our experiments. We could use successfully both analysis models to fit these experimental data, and, in both cases, indeed, the fitting with equations 7 and 12 yielded a = 1.0 ± 0.1. In Table 2 are some small differences in the a fitted values, the qualitative behaviour of this parameter is similar for both models (Figure 2 ). In view of our results we can conclude that both fitting models can be used to characterize the diffusional behaviour of alphachymotrypsin in concentrated Dextran solutions. In other words, despite having employed a confocal laser scanning microscope, in our experimental conditions we can use indistinctly the equations described by Axelrod et al. 42 Tables 3 and 4 show that when there is a concentration of 300 mg/mL of D3 in the samples, the value of t D obtained with both models is higher than it could be expected and a is equal to 1, which implies normal diffusion. This result 16 indicates that there is a range of concentrations and/or sizes of crowding agents out of which the fitting expressions used here are not valid. One possible explanation is that in this case the protein could undergo a dimerization process causing that two different diffusion species are found in solution. It is known that alpha-chymotrypsin has a dimerization process at low pH [63] [64] [65] . In principle, in our experimental conditions, this protein should remain as a monomer. However, as crowding conditions could induce aggregation of proteins 66 , we carried out time-resolved fluorescence depolarization experiments with the purpose of verifying whether, in this case, there is homoaggregation. We examined the time resolved anisotropy of FITC-alpha-chymotrypsin in dilute solution and in presence of different concentrations of the three Dextrans (data not shown). In all cases two rotational correlation times were needed to describe the decay process (1.7 ± 0.2 µs and 4.0 ± 1.0 µs). As both rotational correlation times were similar in all the experiments we can conclude that there is not any kind of aggregation process in any case, including the sample with 300 mg/mL of D3. In spite of this evidence, we tried to study the FRAP curves assuming that there were two species in the samples, monomer and dimer, with two different populations. However, the obtained results (data not shown) indicate that there was only one diffusional species in the 300 mg/mL D3 samples and no binding reaction. Despite there is an important number of works that study anomalous diffusion of macromolecules in crowded media using Monte Carlo simulations [9] [10] [11] , the number of experimental studies devoted to this phenomenon is considerably smaller. Some of them show clear evidences of anomalous subdiffusion, mainly in 2D media, e.g. in lipid bilayers 25, 35 or in cell surfaces 25, 34 . However, there are few experimental works showing anomalous subdiffusion in 3D media, mainly in crowded solution 23, [29] [30] . Our results are in qualitative agreement with these previous studies. In fact, the dependence of the anomalous diffusion behaviour of the alpha-chymotrypsin on the size and concentration of Dextrans that we have observed in our experiments is in agreement with the conclusions of Banks and Fradin 23 in their study of the diffusion of streptavidin in highly concentrated solutions of bovine serum albumin (BSA), streptadivin and
Dextrans with different molecular weights. Thus, the size and the concentration of the obstacles play a very important role in the diffusion processes in macromolecular crowded media and should be taken into account in future studies about reaction diffusion in crowded media.
CONCLUSIONS
In this work we have checked that FRAP curves obtained under our experimental conditions with confocal laser scanning microscope can be studied using either the Gaussian or the uniform circular disc profile model for nonscanning microscopes. The generalized equations to take into account anomalous diffusion provided by these two models yield a similar diffusional behaviour of alphachymotrypsin in solution crowded media of Dextran, indicating that anomalous diffusion takes place. The concentration and size of the crowding agent are two important factors that determine the existence and degree of the anomalous diffusion of α-chymotrypsin in crowded media, until a high concentration of large size Dextran is reached. Beyond this limit other phenomena such as microviscosity, hydrodynamics interaction or interplay between branches of Dextran polymers should probably be considered. 
